Drosophila Germ cell-less (Gcl) has previously been shown to be important in early events during the formation of pole cells, which are the germ cell precursors in the¯y. We have isolated a 524 amino acid mouse gene with 32% identity and 49% similarity to Drosophila gcl, termed mgcl-1. Like Drosophila Gcl, mGcl-1 localizes to the nuclear envelope. Ectopic expression of mgcl-1 in Drosophila rescues the gclnull phenotype, indicating that mGcl-1 is a functional homologue of Gcl. mgcl-1 maps to chromosome 6 at 47.3 cM, and is expressed at low levels at all embryonic stages examined from 8.5 to 18.5 d.p.c. as well as in many adult tissues. Different from Drosophila gcl, mgcl-1 is not highly expressed at the time the primordial germ cells appear in the mouse, but high mgcl-1 expression is found in selected mouse adult male germ cells. The differences in these expression patterns in light of conserved activity between the two genes is discussed. q
Introduction
Germ cell formation in Drosophila is dependent on the presence of a differentiated cytoplasm at the posterior part of the embryo called the`germ plasm'. This cytoplasm is suf®cient to induce the formation of pole cells, which are the precursors of germ cells (Illmensee and Mahowald, 1974; Ephrussi and Lehmann, 1992) . Several components of the germ plasm have been identi®ed, and include the mRNA and protein product encoded by the gene germ cell-less (Jongens et al., 1992) .
In Drosophila, mutant screens have been useful in identifying genes involved in speci®c developmental processes, but few mutants have been found which solely affect the establishment of the germ cell lineage. The maternal effect mutants which do affect this process are almost all important as well in the posterior patterning of the whole embryo, and therefore lead to abdominal defects in addition to pole cell phenotypes (reviewed by Rongo and Lehmann, 1996) . It has been postulated that these mutants cause defects in pole cell formation by disrupting the correct germ plasm localization/ translation of mRNAs and localization of proteins which are speci®c pole cell determinants (Gavis and Lehmann, 1994; Curtis et al., 1995) . While other factors have been identi®ed which are important after pole cell formation, only two genes which are speci®cally required in the formation of pole cells have been identi®ed to date: gcl (Jongens et al., 1992 (Jongens et al., , 1994 Robertson et al., 1999) and mitochondrial large ribosomal RNA (Kobayashi and Okada, 1989; Iida and Kobayashi, 1998) .
germ cell-less mRNA is supplied to the Drosophila embryo maternally, and localizes to the germ plasm. As the pole cells begin to form, Gcl becomes associated with the pole cell nuclei, and by the time the cells pinch off, the protein is solely localized to the nuclear envelopes of the pole cells (Jongens et al., 1992 (Jongens et al., , 1994 . Gcl continues to be restricted to the pole cells in the early embryo until gastrulation, when the RNA and protein fade to undetectable levels just as the pole cells begin migration to the embryonic gonad (Jongens et al., 1992) . Antisense RNA expression experiments showed that as the amount of gcl mRNA was reduced, correspondingly less pole cells formed (Jongens et al., 1992) , suggesting that gcl is an important player in germ cell determination. This was further corroborated by overexpression studies showing that gcl is suf®cient to induce the formation of additional pole cells in the normal position, and ectopic pole buds when misexpressed anteriorly E-mail address: jongens@mail.med.upenn.edu (T.A. Jongens) (Jongens et al., 1994) . Recent analysis of a gcl null mutant showed that the only requirement for the gene is in the formation of the germline, even though gcl is expressed elsewhere later in development (Robertson et al., 1999) .
Furthermore, it appears that Gcl is involved in three separable functions: initiating pole bud formation, forming of pole cells proper, and aiding in the survival of pole cells during their migration to the embryonic gonad (Robertson et al., 1999) . Many developmental processes and their genetic determinants are evolutionarily conserved between invertebrates and vertebrates. In the establishment of the germ cell lineage, some genes required in Drosophila appear to function similarly in vertebrates. In Xenopus, a nanos homologue, Xcat-2 (Mosquera et al., 1993) , as well as a vasa homologue, Xpat (Hudson and Woodland, 1997) , are present in the germ plasm, and Xpat mRNA remains present in the primordial germ cells. In zebra®sh, the transcripts of a vasa homologue have been shown to localize to the cleavage planes of two-and four-cell stage embryos, then segregate with cells that appear to give rise to the primordial germ cells (Olsen et al., 1997; Yoon et al., 1997) . We therefore hypothesized that vertebrate homologues of gcl exist which may similarly be involved in germ cell determination or related processes.
In this study we have cloned a vertebrate homologue of gcl in mouse. Mouse primordial germ cell (PGC) speci®ca-tion, in contrast to Drosophila, does not depend on the presence of a maternally inherited germ plasm. Instead, PGCs are selected by induction from a group of pluripotent epiblast cells (Lawson et al., 1999) . We have found that although mgcl-1 can rescue Drosophila pole cell formation, and has the same unique subcellular localization at the nuclear envelope, it is only expressed at a low level throughout development, and is not highly expressed during mouse germ cell speci®cation as is found in Drosophila. However, mgcl-1 is highly expressed during spermatogenesis, raising the possibility that mgcl-1 may act at a later time in the mouse germline.
Results

Cloning of mgcl-1
Homology searching of the EST database revealed a mouse sequence with signi®cant homology to Drosophila Gcl. The EST clone (I.M.A.G.E. Consortium Clone ID 459504; Lennon et al., 1996) was obtained, and a mouse testes cDNA library was screened with the clone insert. A 2.8 kb cDNA was obtained and sequenced, and found to have an open reading frame of 524 amino acids. This clone appears to be full length since it contains homology to dGcl near the N-terminus, the identi®ed start site has a Kozak consensus ribosome-binding sequence, and Northern analysis on embryonic mouse tissues shows a transcript of approximately the expected size (data not shown). The protein encoded by this cDNA is 32% identical and 49% similar to dGcl. Sequence alignment to dGcl showed the conserved presence of a BTB/POZ protein±protein interaction domain near the N-terminus of the coding region (Fig.  1) . The BTB/POZ domain was ®rst identi®ed as a conserved motif of around 115 amino acids in the Drosophila genes Broad-Complex, tramtrack, and bric-a-brac (BTB) (Zollman et al., 1994) and in poxvirus and zinc ®nger proteins (POZ) (Bardwell and Triesman, 1994) . Since then many new members have been identi®ed, including Drosophila Gcl and many vertebrate genes (reviewed by Albagli et al., 1995) . Low stringency Southern hybridization was used to search for other mouse gcl family members (data not shown), but no additional bands were observed.
Subcellular localization
Since the degree of homology between Drosophila and mouse gcl was not convincingly high, further attempts were made to verify their functional similarity. Since Drosophila Gcl has an unusual subcellular localization at the nuclear envelope (Jongens et al., 1994) which has recently been shown to be important in the function of the protein (Robertson et al., 1999) , mouse homologues might be expected to be similarly localized. Indeed, the two elements which have proven necessary for Drosophila Gcl nuclear envelope localization, a myristoylation signal sequence and a nuclear localization sequence (Robertson et al., 1999) , are conserved in mGcl-1 (Fig. 1) . To test whether mGcl-1 localizes similarly, a myc epitope tag was engineered on the Cterminus of the coding region of mgcl-1. This construct was transfected into Drosophila S2 cells, and expression was induced. Immunostaining of transfected cells with antimyc shows that mGcl-1 also localizes to the nuclear envelope (Fig. 2 ). This ®nding indicates that Drosophila Gcl and mGcl-1 have a similar subcellular distribution and thus may share conserved biochemical properties.
Rescue of the Drosophila Gcl-null phenotype with mGcl-1
In order to further test whether mGcl-1 is a functional homologue of dGcl, mgcl-1 was ectopically expressed in the Drosophila gcl-null mutant, under control of the hsp83 promoter, which drives expression in the germline (Ding et al., 1993) . In order to assure correct localization of the mRNA to the pole plasm, the mgcl-1 coding region was inserted in between the Drosophila 5 H and 3 H UTRs. Embryos from gcl-null females form few or no pole cells. Four mgcl-1-expressing lines were obtained, all of which rescue pole cell formation in the gcl-null background to some degree. This is easily seen at the blastoderm stage by comparing the number of vasa-positive pole cells present in embryos from gcl-null females to those from females expressing mgcl-1 (Fig. 3) . The degree of rescue was quanti®ed by counting the number of pole cells in each line at stage 14 Section 4, at which time the germ cells have already migrated to the embryonic gonad, but have not begun proliferation; this is well past the period when germ cell-less activity is required (Robertson et al., 1999) . The mean number of pole cells at stage 14 in embryos from gclnull females in these studies is 1.2^0.15 (n 302), and in the w-host line it is 19.4^0.32 (n 204). The range in the mean number of pole cells observed in embryos from mgcl-1-expressing lines was 4.7^0.26 (line mgcl-H4, n 226) to 8.9^0.40 (line mgcl-H17, n 225). The distribution of pole cell numbers from these two representative mgcl-1-expressing lines, as well as w-and gcl-null lines is shown in Fig. 4 . In situ hybridization of embryos con®rms that no Drosophila gcl mRNA is present in the rescue lines, but mgcl-1 is expressed and correctly localized to the posterior pole (Fig. 5) . In addition to the observed rescue in pole cell numbers, the adult fertility of the mgcl-1 rescued embryos similarly increased (data not shown), demonstrating that the pole cells which formed went on to develop into functional gametes. Fig. 2 . mGcl-1-myc localizes to the nuclear envelope in Drosophila S2 cells. Drosophila gcl (A±C) and myc epitope tagged mgcl-1 (D±E) were both transfected into S2 cells. Immunostaining with anti-Gcl (A) or antimyc (D) demonstrates that both proteins localize to the nuclear envelope. Hoechst staining in (B) and (E) identi®es the position of the nucleus in blue and (C,F) show the same cells under DIC optics. Fig. 1 . Amino acid sequence alignment of mouse and Drosophila Germ cell-less. Identical amino acids are boxed and shaded dark, while similar amino acids are boxed and shaded light. Mouse Gcl-1 is 32% identical and 49% similar to Drosophila Gcl. The conserved putative myristoylation site (MS), nuclear localization sequence (NLS), and BTB/POZ domain are underlined.
Expression analysis
To determine the spatial and temporal expression pattern of mgcl-1, RNase protection assays were performed with RNA isolated from embryonic and adult mouse tissues. mgcl-1 transcripts were found at all embryonic stages examined, from 8.5 d.p.c. to 18.5 d.p.c., as well as in ES cells (Fig. 6A) . The amount of mgcl-1 mRNA present is relatively constant throughout development, as seen by comparing the mgcl-1 band intensity to the loading control, TBP (TATA binding protein; Fig. 6A ). All adult tissues examined had low levels of mgcl-1 transcripts except for testis, which expressed mgcl-1 at very high levels (Fig. 6B) .
To investigate whether mgcl-1 was localized to germ cells or other cell types within the testis, we performed in situ hybridization with mgcl-1. Only a subset of the tubules show mgcl-1 expression, so serial sections were PAS stained in order to stage the tubules according to Russell et al. (1990) . Comparison of the same tubules either hybridized to mgcl-1 probes or PAS stained shows that mgcl-1 transcripts begin to be detectable in stage VI tubules, are highly abundant between stages VII and XI, then begin to decrease and disappear during stage XII (Fig. 7A,B) . No transcripts are detectable between stages I and V. High magni®cation of mgcl-1-expressing tubules shows that the majority of mgcl-1 expression is in the pachytene and diplotene spermatocytes, with low or background level expression in earlier spermatocyte stages and spermatids (Fig. 7C) . The spermatocytes during this period have already entered prophase of meiosis I when mgcl-1 transcripts are ®rst detectable, and as expression diminishes in stage XII, meiosis I is completed, followed quickly by meiosis II (Russell et al., 1990) . mgcl-1 hybridization to immature testes from 14.5 d.p.c. mouse embryos shows only a weak signal (data not shown), suggesting that only upon the onset of spermatogenesis does high mgcl-1 expression commence.
Since Drosophila gcl RNA is highly abundant in the germ plasm and remains so in the subsequently forming germ cells, we wanted to determine whether mgcl-1 is highly expressed during germ cell speci®cation in mouse. Germ cell speci®cation in the mouse is very different from the process in Drosophila because no germ plasm is thought to be necessary. Mouse primordial germ cells (PGCs) are thought to be speci®ed by induction between 6.5 and 7.5 d.p.c. from a group of proximal epiblast cells (reviewed by Buehr, 1997; Wylie, 1999) . As gastrulation commences, these cells pass through the primitive streak, and come to reside in the extraembryonic mesoderm at the base of the future allantois, where they are ®rst detectable as alkaline Fig. 4 . Quantitation of the rescue of pole cell formation by mgcl-1 in embryos from gcl-null females. Pole cell counts were performed on stage 14 embryos from gcl-null females with and without mgcl-1 expression that were stained with anti-vasa antibody. Embryos from gcl-null females have a mean of 1.2^0.15 (n 302) pole cells at stage 14 of embryogenesis (distribution shown in black), whereas two separate Drosophila gcl-null lines expressing mgcl-1 under control of the hsp83 promoter, mgcl-H4 and mgcl-H17, have a mean of 4.7^0.26 (n 226) and 8.9^0.40 (n 225) pole cells, respectively (distribution shown in blue and red). However, the rescue is not to the extent of the wild-type host, w-, which has a mean of 19.4^0.32 (n 204) pole cells (distribution shown in yellow). The two lines shown represent the least amount of rescue observed (mgcl-H4), and the greatest amount of rescue observed (mgcl-H17). Fig. 5 . mgcl-1 mRNA is expressed and properly localized in rescued embryos from gcl-null females. Whole mount in situ hybridization was performed on embryos using either the full length dgcl (A±C) or mgcl-1 (D) cDNAs as a probe. Wild-type (w-) embryos (A) show the normal localization of Drosophila gcl mRNA to the pole plasm. In embryos from gcl-null females (B) and in embryos from gcl-null females which express mgcl-1 (C), no dgcl mRNA is detectable, as expected (the mgcl-1 and dgcl probes do not cross-hybridize). However, mgcl-1 mRNA is clearly present and properly localized to the pole plasm in embryos from gcl-null females which express mgcl-1 (D). Fig. 3 . mgcl-1 rescues pole cell formation in Drosophila embryos from gclnull females. Blastoderm embryos from gcl-null females (A,B) or gcl-null females expressing mgcl-1 (C) were stained with anti-vasa antibody. Embryos from gcl-null females form no (A), or a small number of (B) pole cells, while on average, embryos from females carrying mgcl-1 (C) have more pole cells than embryos from gcl-null females.
phosphatase-positive cells by 7.5 d.p.c. (Ginsburg et al., 1990) . Oct-4, another marker, is more broadly expressed in the embryonic ectoderm at 7.5 d.p.c., but becomes restricted to PGCs by around 8.5 d.p.c. (Rosner et al., 1990; Scho Èler et al., 1990 ). After 8.5 d.p.c., the PGCs can be visualized with either marker as they migrate through the hindgut and dorsal mesentery to the genital ridges. To determine if mgcl-1 is highly expressed during this critical time in germ cell speci®cation, in situ hybridization was performed on serial sagittal sections of 7.5, 8.5, and 9.5 d.p.c. mouse embryos with mgcl-1 and Oct-4 probes. While Oct-4 transcripts were easily detectable in the embryonic ectoderm at 7.5 d.p.c., then restricted to the PGCs at later stages, mgcl-1 transcripts in neighboring sections were found ubiquitously at low levels (data not shown). This con®rms that mgcl-1 is not highly expressed during germ cell speci®cation and migration in mouse, in contrast to the situation in Drosophila development.
Genomic locus
Since high expression of mgcl-1 was found during spermatogenesis, we speculated that mutations in this gene could lead to male infertility. As an initial step in exploring this possibility, the genomic locus of mgcl-1 was mapped by linkage analysis to determine whether any known reproductive conditions map near this gene. Linkage analysis was done using the more than 1500 interspecies F1 offspring of Fig. 7 . mgcl-1 is highly expressed in adult testis pachytene and diplotene spermatocytes from stage VI to XII. Serial sections of adult mouse testis are (A) PAS stained and (B) used for in situ hybridization with antisense mgcl-1 RNA as a probe. The PAS stained section was used to stage tubules. mgcl-1 transcripts begin to be turned on at stage VI, and remain present at high levels through stage XII, when they begin to decrease, then disappear. No hybridization is observed in stages I through V. (C) High magni®cation of a stage VII tubule shows expression (seen as dark granules in bright ®eld) is highest in the pachytene spermatocytes (ps), while in preleptotene spermatocytes (pls) and round spermatids (rs), expression is lower, or possibly at background levels. Fig. 6 . mgcl-1 expression in embryonic and adult tissues. (A) Whole embryo RNA from mouse 8.5 to 18.5 d.p.c. was assayed for mgcl-1 transcripts by RNase protection (see Section 4 for details). mgcl-1 transcripts were detected at all embryonic stages examined (protected band is slightly smaller than probe size due to vector sequences present in the probe). Mouse TBP is used as an internal loading control. mgcl-1 transcripts are also present in ES cells. (B) Similar RNase protection analysis reveals that mgcl-1 transcripts are present in all adult tissues tested at low levels, except for testis, where transcripts are abundant. GAPDH is used as an internal loading control.
the European Collaborative Interspeci®c Backcross project, which allows assignment to 0.3 cM with a con®dence level of 95% (Breen et al., 1994) . mgcl-1 was localized to chromosome 6 at 47.3 cM in the vicinity of interleukin 5 receptor alpha (Il5ra) and 8-oxoguanine DNA-glycosylase 1 (Ogg1) (Fig. 8) with a lod score of 10.75. This region is syntenic to human chromosome 3p. No unattributed reproductive defects in human or mouse map to these regions.
Discussion
In this study we have cloned and characterized a mouse germ cell-less homologue, termed mgcl-1. The 2.8 kb transcript encodes a 524 amino acid protein with signi®cant homology to Drosophila Gcl. mGcl-1 appears to be functionally homologous to Drosophila Gcl, since it has the same unique subcellular localization at the nuclear envelope, and ectopic expression of mgcl-1 partially rescues the dgcl-null loss-of-pole cells phenotype. The mgcl-1 gene is expressed ubiquitously at low levels throughout development and in adult tissues, and is not expressed highly during germ cell speci®cation, as is found in Drosophila. However, mgcl-1 is expressed highly in adult testes within pachytene and diplotene spermatocytes.
The reason for only a partial rescue of the dgcl-null mutant phenotype by mgcl-1 is unclear. Drosophila gcl expressed using the same promoter is capable of fully rescuing the gcl-null phenotype (Robertson et al., 1999) . The gene dose could be a factor; since none of the rescue lines appeared to have as abundant mgcl-1 mRNA as wild-type embryos had of dgcl mRNA (by comparative whole mount in situ hybridization), the gene may have rescued to a greater degree if more mRNA were present. Alternatively, the translation of mgcl-1 mRNA could be less ef®cient, or the protein could be less stable than that of dGcl, and therefore not present long enough to carry out its full functions. Finally, mGcl-1 may only be competent to carry out some of the functions that dGcl normally carries out, resulting in partial rescue.
Drosophila gcl, like mgcl-1, is widely expressed (Jongens et al., 1992) . However, only the high expression during pole cell formation has proven to be essential (Robertson et al., 1999) . Similarly, even though mgcl-1 is widely expressed, the high levels of transcripts in the testes suggest a unique function for mGcl-1 in spermatogenesis. mgcl-1 is not the ®rst Drosophila germ plasm component found to be highly expressed during spermatogenesis. Three vasa-like family members in mouse, PL10 (Leroy et al., 1989) , P68 (Lemaire and Heinlein, 1993) , and Mvh (Fujiwara et al., 1994) , are all highly expressed in spermatocytes prior to the ®rst meiotic division, as is found with mgcl-1. This could suggest that some mechanisms used in pole cell formation in Drosophila have been co-opted as a group for a later developmental process in mouse, spermatogenesis.
Recently, another group independently isolated mGcl-1 as a protein which interacts with the DP component of the E2F transcription factor (de la Luna et al., 1999) . E2F transcription factors are critical for cell cycle progression into S phase (reviewed by La Thangue, 1994). de la Luna et al. (1999) showed that mGcl-1 can promote cell cycle arrest through interaction of its BTB/POZ domain with DP-3. This interaction causes a reduction in E2F-dependent transcription, which is the probable cause for the cell cycle arrest. Interestingly, both Drosophila and mouse Gcl are expressed during times of cell cycle arrest or delay, and overexpression of Drosophila Gcl was shown to cause mitotic delays (Jongens et al., 1994) . However, in pole cells where Drosophila Gcl is highly expressed, the cell cycle arrest occurs in G2 (Su et al., 1998) , at a later time than E2F is thought to act. Similarly, in mouse spermatogenesis, mgcl-1 is highly expressed during the extended prophase of meiosis I, not in G1, where inhibition of E2F would cause cell cycle delays to occur.
It is possible that the low ubiquitous levels of mgcl-1 expression observed are suf®cient to carry out its effect on E2F, and the high expression during spermatogenesis could signify the need for mGcl-1 to carry out an additional function. Known roles of BTB/POZ domain proteins give clues about other roles mGcl-1 could have in addition to its effect on E2F. Several BTB/POZ domain proteins have been shown to affect the conversion between states of chromatin condensation (reviewed by Albagli et al., 1995) . Since mGcl-1 is highly expressed during prophase of meiosis I during spermatogenesis, mGcl-1 could be either acting to prevent chromosome condensation, thereby preventing the premature completion of meiosis I, or could be aiding in the condensation of chromatin necessary for meiosis to occur. Other BTB/POZ domain proteins are actin-binding proteins (Albagli et al., 1995) . Although mGcl-1 does not obviously ®t into this subclass of BTB/POZ domain proteins, it could have some actin-binding activity, thereby affecting the cytoskeletal rearrangements occurring during spermatogenesis.
While our results show that mgcl-1 is not highly expressed during germ cell speci®cation in mouse, we cannot rule out the possibility that the low transcript levels we see are suf®cient to carry out a role in this process, as is found in Drosophila. Alternatively, other as yet unidenti®ed mgcl family members may exist which are more highly expressed during germ cell formation. However, given the different mechanism used by mammals in specifying the germline, it would not be surprising if completely different families of molecules are involved. Functional studies will be necessary to de®nitively determine the role of mgcl-1 in the mouse germline.
Materials and methods
Cloning and sequencing of mgcl-1
An EST clone (I.M.A.G.E. Consortium Clone ID 459504) was obtained from American Type Culture Collection (ATCC number 916618) and used to screen a mouse testes cDNA library. A 2.8 kb clone was obtained and both strands were sequenced by dideoxy¯uorescent automated sequencing.
Construction of the mgcl-1-myc construct, transfection and immunostaining in S2 cells
The following primers, CCATCGATACATCATTTT-CAAACGCAATACG and AAGGGCCCGTGTCCTGG-GTTTTCTGGGTG, which include a ClaI site at the 5 H end and an ApaI site at the 3 H end, were used to amplify the coding region of mgcl-1 from the ClaI site at 1322 to just prior to the stop signal. This fragment was cloned into the ClaI±ApaI sites of pBluescript mgcl-1, resulting in a full length coding sequence with an engineered ApaI site at the end of the coding region. The coding region was excised with EcoRI and ApaI, and cloned into a modi®ed version (with the ®rst ApaI site in the polylinker removed) of pcDNA3.1(2)/Myc-HisA (Invitrogen). From this, an XbaI±PmeI digest excised the coding region of mgcl-1 in frame with a Myc-His tag, and the insert was cloned into the XbaI±StuI polylinker sites of the pmtaL vector (Johansen et al., 1989) .
The pmtaL mgcl-myc construct was transfected into S2 cells with lipofectin (Life Technologies), according to the manufacturer's instructions. Twenty-four hours after the transfection, CuSO 4 was added to a ®nal concentration of 200 mM and the cells were incubated for an additional 24 h. The cells were then ®xed and immunostained as described by Fehon et al. (1990) using a mouse anti-myc antibody (Evan et al., 1985) and a rabbit anti-Gcl antibody (Jongens et al., 1992) .
Construction of mgcl-1 transformant¯y lines and their analysis by immunostaining and in situ hybridization
The mgcl-1 construct for injection was made as follows: the hsp83 promoter (2880 to 110) was cloned into the NotI±SmaI sites in pBluescript dgcl 3 H to the gene, then dgcl was excised with SmaI and EcoRV and¯ipped into the correct orientation. The entire coding region of dgcl was excised with NcoI and PmlI, and replaced with the coding region of mgcl-1 (NcoI±MscI fragment). Finally, the promoter and gene were excised from pBluescript with SacII and HincII, and cloned into the SacII and HpaI sites of the P-element vector, pW8 (Thummel et al., 1988) . P-Element-mediated transformation was performed to obtain stable transgenic lines as described by Spradling (1986) .
Overnight collections of embryos were used for immunostaining and in situ hybridizations. Immunostaining was done as described by Bodmer and Jan (1987) . The anti-vasa monoclonal mAb46F11 (Hay et al., 1988 ) was used at a 1:500 dilution. Pole cell counts were done on stage 14 embryos by focusing through the embryo using a Leica DMR microscope and counting all the vasa-positive cells. Whole mount embryo in situ hybridization was done as described by Tautz and Pfei¯e (1989) .
RNase protections
RNase protection assays were done with the Ambion Ribonuclease Protection Assay III kit essentially according to the manufacturer's directions. RNA (25 mg from each sample) was hybridized to 50 000 d.p.m. of 32 P-labeled antisense mgcl-1 RNA probe along with an equal amount of a positive control probe (either TBP or GAPDH, as described by Hiemisch et al., 1997) overnight at 548C. Hybridized samples were digested with RNase, precipitated, then double-stranded RNAs separated on a 6% acrylamide, 8 M urea TBE gel. A lane of diluted unhybridized probe was run with the samples to predict the correct size of the protected fragment.
Mouse in situ hybridizations
Whole embryos of the pertinent embryonic stages and adult tissues were collected and ®xed in 4% paraformaldehyde (PFA), then dehydrated and mounted in paraf®n. Sagittal sections (5 mm) of embryos and cross-sections of testes were cut, and in situ hybridization was performed as described by Duncan et al. (1994) .
Genomic linkage mapping
The primers CGTCCAAGGTGACTAACAGTG and CCCAAACCATGACAAGGGATC were used to amplify a 463 bp fragment of the 3 H UTR of mgcl-1 from M. musculus and M. spretus, and the resulting fragments were cloned into pGEM-T with the Promega pGEM-T easy PCR cloning system. Sequencing of the two clones revealed several base changes between the two species. One A to C change at base 1763 caused a new Psp1406I restriction site in M. spretus. The same primers were used to amplify the mgcl-1 3 H UTR from genomic DNA from 100 individual offspring from interspecies crosses from the European Collaborative Interspeci®c Backcross group (EUCIB) (Breen et al., 1994) , and the resulting fragments were digested with Psp1406I and analyzed on 5% acrylamide TBE gels. Linkage analysis was performed by EUCIB.
